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Introduction
Various 2-azidoethanamines (EAs) have demonstrated potential as fuels for hypergolic rocket propulsion systems (Thompson et al., 1998; Stevenson et al., 2004; McQuaid, 2006) , and as part of an effort to determine whether candidates from this class warrant further testing and development, data that can be used to assess the risks they pose to human health and the environment are being generated and reported with support from an Environmental Quality Technology (EQT) program. The data that has been assembled to date suggest that the class (in general) is not as hazardous as the hydrazine-based fuels that are currently standard in hypergolic propulsion systems (Bausum and Johnson, 2006) . However, much of the data for individual candidates has been estimated, and due to a paucity of relevant measured values in the open literature (and the EQT program's limited ability to obtain them otherwise), some estimates are based on methods that are not well validated. As discussed in a report summarizing a prior EQTsponsored study to establish physical property data for the class (McQuaid, 2008) , estimates for Henry's law constants are among this group.
Representing an expectation for the ratio of a compound's concentrations that will exist in the two phases of a ternary compound-air-water mixture at equilibrium, a compound's Henry's law constant is employed to predict its partitioning between air and water in the environment. Expressible in various ways, the values of the constants that are presented in this report are defined per
HLC(T) = RT[c air (T)/c water (T)],
where R is the universal gas constant (8.23 × 10 -5 atm-m 3 /moleK), T is the temperature (in K), c air (T) is the concentration of the compound in the mixture's gaseous phase, and c water (T) is the concentration of the compound in the mixture's aqueous phase. In addition, for environmental risk assessment, it is typical to seek and/or establish HLC(T) values for mixtures at 298 K and 1 atmosphere (atm), and HLC(T) values at that temperature and pressure are the only ones considered here.
In the aforementioned EQT-sponsored study, an attempt was made to establish the reliability of a quantitative structure property relationship's (QSPR's) HLC(298) estimates for EAs. Implemented by the Environmental Protection Agency's (EPA's) HENRYWIN program (HENRYWIN, 2003) , the QSPR is a bond contribution model, and it has a coefficient that was specifically developed for azide groups. It was surmised that the coefficient was derived from a measured HLC(298) value for hydrazoic acid (HN 3 ) (McQuaid, 2008) , but the only check that was able to be made of the QSPR's validity for EAs was a comparison of its estimate for 2-azido-N,N-dimethylethanamine (DMAZ) to a value derived from "separately measured" values for DMAZ's vapor pressure [VP(T)] and water solubility [WS(T)] at 298 K,
(That is, the value was derived from [1] a VP(298) value measured above neat liquid DMAZ [Dee, 2000] and [2] a separate WS(298) measurement [Manzara, 2007] , not the measured concentrations of DMAZ in the two phases of a ternary DMAZ-air-water mixture at equilibrium.) The value found via the equation 2 approximation (9.7 × 10 -6 atm-m 3 /mol) is almost 2 orders of magnitude higher than the HENRYWIN estimate (1.2 × 10 -7 atm-m 3 /mol).
Since the identification of an HLC(298) estimation method whose predictions for EAs could be trusted to be within an order of magnitude of actual values was desired, the aforementioned comparison was not encouraging. However, two other considerations suggested that the QSPR's estimate for DMAZ might be reasonable. The first was that an HLC(298) value for HN 3 derived from equation 2 with a measured WS(298) value and a trusted VP(298) estimate was also 2 orders of magnitude higher than a "true" HLC(298) measurement for the compound. Thus, it could be imagined that the HLC(298) estimate derived for DMAZ from equation 2 was too high, a speculation being that hydrogen bonding between gas-phase water molecules and DMAZ's lone pair sites leads to a lower DMAZ concentration above water than one would expect on the basis of its concentration above its neat liquid form. (A DMAZ molecule has hydrogen-bond accepting lone pair sites that allow it to hydrogen bond with water, but it does not have a hydrogen-bond donating site that allows it to hydrogen bond to another DMAZ molecule.)
Secondly, HENRYWIN's HLC (298) Organics, 1996) vs. 8 mm Hg (Dee, 2000) , which is an observation one would predict on the basis of their molecules having similar molecular weights and little potential for strong attractive interactions (such as hydrogen bonding) with another of their own kind. But TMEDA's (second) dimethylamino fragment can bond more strongly to water than DMAZ's azide group can, which leads to the expectation that TMEDA will have a higher WS(298) than DMAZ. A value for DMAZ's WS(298) that was derived from measurements reported by Manzara (2007) indicates that it is ~1.7 × 10 5 mg/L while TMEDA's WS(298) is estimated to be "1 × 10 6 mg/L" (McQuaid, 2008) . (A compound with a WS(298) value of 1 × 10 6 mg/L in essence means that it is miscible with water in all proportions.) Thus, while quantitative predictions based on these observations are not strongly defensible, the prediction that DMAZ's HLC(298) would be a factor of 5 higher value than TMEDA's seemed reasonable. Thus, HENRYWIN's estimates for EA candidates were considered adequate for the purpose of risk assessment for the stage of the selection process that existed at the time, and they were reported (McQuaid, 2008 
and it is related to a compound's HLC(298) per
Having more bona fide theoretical foundations than HENRYWIN's QSPR, DFT/PCM-based methods can in certain cases be a preferable option for generating HLC (298) calculation will produce over a factor-of-5 error in the HLC(298) estimate, and errors of such magnitude are about the smallest one can hope to achieve with such methods.) But the lack of relevant measured values needed to validate EA HLC(298) estimates has already been noted. Thus, no attempt was made to employ such a method for the prior study. However, DFT/PCM results generated for a recently completed study of the aqueous-phase dissociation constants (K a ) of the conjugate acids of DMAZ, 2-azido-Nmethylathanamine (MMAZ), 1-(2-azidoethyl)pyrrolidine (PyrrAZ), and 4-(2-azidoethyl)-morpholine (MorphAZ) (Stevenson and McQuaid, 2009 ) presented a low-risk, low-cost opportunity to obtain DFT/PCM-based HLC(298) estimates for them, and it was taken.
This report describes the DFT/PCM-based method employed to derive HLC (298) 
Computational Method
where (
is the difference between the free energy of the gas-phase equilibrium conformer whose geometry most closely resembles the aqueous-phase conformer and the free energy of the lowest-energy gas-phase conformer
difference between the gas-phase electronic energy of the conformer's aqueous-phase geometry and the electronic energy of the gas-phase conformer whose geometry it most closely resembles, and (3) ) ,
is the free energy change of solvation for the aqueous-phase geometry.
where
is the conformer's electronic energy at 0 K, ZPVE g (i) is its zero-point vibrational energy, and ) , 298
is its "PV-TS" energy at 298 K, where P, V, and S are pressure, volume, and entropy, respectively. Values for the parameters defined in the preceding paragraph were derived from a slightly modified version of a procedure outlined by Saracino et al. (2003) and calculations performed with the Gaussian 03 (G03) suite of quantum chemistry codes (Frisch et al., 2003) . Geometry optimizations were performed to identify the equilibrium structures that the molecules of interest would acquire in an aqueous environment. A PBEPBE/6-31+G(d,p) model (Perdew et al., , 1997 Petersson et al., 1988; Clark et al., 1983) coupled with the PCM developed by Cossi et al. (2002) was employed for these optimizations. The optimizations' convergence criteria were maximum force 0.000450 hartree/bohr, root mean square (RMS) force 0.000300 hartree/bohr, maximum displacement 0.001800 bohr, and RMS displacement 0.001200 bohr. In accordance with the procedure outlined by Saracino et al., each structure's G sol (298,i) value was determined from the difference between its HF/6-31+G(d,p)-calculated gas-and (PCMsimulated) aqueous-phase single point electronic energies. "UAHF" radii were specified for the PCM calculations (Barone et al., 1997) .
The geometries of the equilibrium structures found with the PCM-mediated PBEPBE/6-31+G(d,p) model were subsequently employed as starting points for gas-phase PBEPBE/6-31+G(d,p) geometry optimizations. The same convergence criteria as those employed for the PCM-mediated optimizations were employed for these optimizations. For all structures so obtained, normal mode analyses were conducted, and ZPVE g (i) and  that was considered is the fact that many of the molecules characterized have low-frequency vibrational modes whose energy levels (and therefore -TS contributions to the free energy) are more properly described by hindered internal rotation formulae than by harmonic oscillator formulae. Therefore, the G03 option for applying the more appropriate formulae was attempted for all cases. However, the method failed for all the ring-containing structures. The default G03 method, which is to treat all vibrational modes as harmonic oscillators, was therefore employed for these cases. It was assumed that the difference in the results produced by the two procedures would be small, and that expectation was met in the (only) case examined to test the assumption. The case was DMAZ, and for all the conformers that have been identified for it, the default calculation and the hindered rotor option yielded ) , 298
values that were identical to 10 -6 hartrees. Therefore, this matter was not further considered.
It should also be noted that some of the gas-phase geometry optimizations produced structures that were not geometrically analogous to the aqueous-phase equilibrium geometries from which the optimizations were started. Regardless of the reason, if a gas-phase geometry optimization bypassed a local minimum that closely resembles the aqueous-phase geometry (starting point) and ended in a lower energy minimum that does not, the sum of ) , 298
obtained is still the same as it would be had the "optimal" local minimum been found. Only the relative contributions of the two parameters to the total are different. Thus, from the standpoint of having the potential to be sources of error in the calculation of the observable, such cases are not a concern.
To complete the calculation of parameters employed to compute G P
In the implementation of equation 7, all conformers of all molecules were assumed to have C 1 symmetry and therefore assigned a g(i) value equal to 1. Cabani et al. (1971) Because measured HLC(298) values were found for DMA, TMA, and MP, the results for these cases represent a test of the reliability of the DFT/PCM-based method. (The measured values were in the training set from which HENRYWIN's QSPR was derived, so they do not constitute validating data for it.) The DFT/PCM-based HLC(298) estimate for DMA (3.8 × 10 -6 atmm 3 /mol) is a little less than a factor of 5 lower than the identified measured value (1.8 × 10 -5 atmm 3 /mol), the DFT/PCM-based HLC(298) estimate for TMA (6.6 × 10 -5 atmm 3 /mol) is a little less than a factor of 2 lower than the identified measured value (1 × 10 -4 atmm 3 /mol), and the DFT/PCM-based HLC(298) estimate for MP (1.2 × 10 -5 atmm 3 /mol) is a little over a factor of 2 lower than the identified measured value (3 × 10 -5 atmm 3 /mol). Combined, the results for DMA, TMA, and MP suggest that the DFT/PCM method is valid for aliphatic amines, but that its predictions for compounds in the class will be somewhat low. agreement between the two methods' estimates for these three compounds is poor. However, as has been noted, the volatilization from water of compounds with HLC(298) values below 3 × 10 -7 atmm 3 /mol is typically assumed to be negligible. Therefore, rather than being significantly different, the estimates from both the DFT/PCM-based method and HENRYWIN lead to this conclusion for these three compounds.
Results and Discussion
Summary
HLC(298) estimates for four EAs and three aliphatic amines were derived from a DFT/PCMbased method. The four EAs are 2-azido-N,N-dimethylethanamine (DMAZ), 2-azido-Nmethylethanamine (MMAZ), 1-(2-azidoethyl)pyrrolidine (PyrrAZ), and 4-(2-azidoethyl)morpholine (MorphAZ), and the three aliphatic amines are dimethylamine (DMA), trimethylamine (TMA), and 1-methylpyrrolidine (MP). The DFT/PCM-based estimates for the three aliphatic amines indicate that the method's estimates for aliphatic amines will be within an order of magnitude of actual values, but somewhat low. The DFT/PCM-based HLC(298) estimate for DMAZ is about a factor of 2 smaller than the estimate obtained for it from the EPA's HENRYWIN program and thus supports the reasonableness of the HENRYWIN estimate. In percentage terms, the DFT/PCM-based HLC(298) estimates for MMAZ, PyrrAZ, and MorphAZ are all significantly lower than those obtained from HENRYWIN, but the estimates from both methods suggest that the volatilization of these compounds from water will be negligible. Taken together, the results from the DFT/PCM-based method support the conclusion of a previous study of HENRYWIN's HLC(298) predictions for EA candidates (McQuaid, 2008) , i.e., that the predictions merit use as input for modeling such candidates' transport through the environment.
Appendix. DFT/PCM Results for Various Amines
This appendix reproduces a subset of density functional theory/polarizable continuum model (DFT/PCM) results that were generated for a study that was performed to determine if the aqueous phase dissociation constants (K a ) of the conjugate acids of 2-azidoethanamines (EAs) correlated with features of the molecular structure of the acids or their corresponding bases. Included here are all the results that are needed to compute ) 298 ( b PBEPBE/6-311+G(2d,2p) single point energy calculated for the gas-phase PBEPBE/6-31+G(d,p) optimized geometry.
Conformer M is an aqueous-phase structure that has no gas-phase analog. Gas-phase optimizations started from conformer M ended as conformer B. Conformer M2 is an aqueous-phase structure that has no gas-phase analog. Gas-phase optimizations started from conformer M2 ended as conformer B2. PBEPBE/6-311+G (2d,2p) single point energy calculated for the conformer's PCM-mediated PBEPBE/6-31+G(d,p) optimized geometry. b PBEPBE/6-311+G(2d,2p) single point energy calculated for the gas-phase PBEPBE/6-31+G(d,p) optimized geometry. c E'(SCF) -E(SCF). d Conformer M1 is an aqueous-phase structure that has no gas-phase analog. Gas-phase optimizations started from conformer M1 ended as conformer B1. PBEPBE/6-311+G (2d,2p) single point energy calculated for the conformer's PCM-mediated PBEPBE/6-31+G(d,p) optimized geometry. b PBEPBE/6-311+G(2d,2p) single point energy calculated for the gas-phase PBEPBE/6-31+G(d,p) optimized geometry. c E'(SCF) -E(SCF). d Conformer M is an aqueous-phase structure that has no gas-phase analog. Gas-phase optimizations started from conformer M ended as conformer B. e Conformer M1 is an aqueous-phase structure that has no gas-phase analog. Gas-phase optimizations started from conformer M1 ended as conformer B1. 
